1. Groundwater has very rarely been included in modern systematic conservation planning methods that identify key areas for protection of aquatic organisms.
Groundwater ecosystems support a diverse suite of taxa, ranging from microbes to invertebrates (often referred to collectively as 'stygofauna') and, rarely, vertebrates where aquifer voids are large enough. Although there appear to be no groundwater-specific microbes (Griebler & Lueders, 2009 ), many of the invertebrates are unique, have become highly adapted to the dark confined spaces of the groundwater environment and are not found in surface water systems (Hose, Asmyhr, Cooper, & Humphreys, 2015; Humphreys, Watts, Cooper, & Leijs, 2009 ). Groundwater-adapted invertebrates (referred to as 'stygobionts') are typified by a suite of morphological traits, such as blindness, lack of pigmentation and elongated, worm-like body forms (Humphreys, 2006) . Moreover, they typically have low reproductive rates and limited dispersal abilities (Trontelj et al., 2009 ), making them particularly susceptible to disturbance and extinction.
Groundwater ecosystems occur in a range of geological settings (e.g. karst, fractured rock and alluvium), which have a strong influence on the available pore space, groundwater quality and hence biota, such that aquifers of different geology may be expected to support different fauna (Johns et al., 2014; Korbel & Hose, 2015; Stein et al., 2012) . Lack of gene flow in subterranean habitats facilitates speciation and has resulted in extreme levels of endemism over small geographical ranges (Cooper, Hinze, Leys, Watts, & Humphreys, 2002; Guzik et al., 2008; Leys, Watts, Cooper, & Humphreys, 2003) . However, despite apparent levels of lateral or horizontal connectivity in many aquifers, groundwater biota still remain isolated because of local ecological barriers such as water chemistry and variable porosity and permeability (Guzik et al., 2010; Trontelj et al., 2009) . The isolated nature of the groundwater habitat means that groundwater biota generally have very narrow distributions, with most species only known from a small number of sites .
Despite repeated calls for the inclusion of groundwaters in conservation planning (Boulton, 2005 (Boulton, , 2009 , aquifer biodiversity has been particularly under-represented in the literature. An ISI search for freshwater conservation planning (Topic = freshwater and 'conservation planning') identified more than 180 publications since 2007, of which only three were groundwater-related (Asmyhr, Linke, Hose, & Nipperess, 2014; Li et al., 2017; Michel et al., 2009 prioritized biodiversity hotspots based on 1059 groundwater species in Europe, building on the comprehensive species database collected in the pan-European groundwater biodiversity project PASCALIS (Protocols for the assessment and conservation of aquatic life in the sub-surface; Malard et al., 2009 ), but as Michel et al. (2009) discussed, there are major issues that complicate biodiversity planning for groundwater ecosystems. These issues include sampling heterogeneity, with the consequence that areas that are more heavily sampled are almost always flagged as having higher conservation value. They recommend that a grid-cell approach should in the future be replaced by mapping aquifers directly as planning units . A similar approach was taken by Asmyhr et al. (2014) , who used molecular taxonomy to assign priorities to cryptic stygofauna. Instead of using morphological information, they quantified genetic differences of stygofaunal 18s ribosomal DNA and mitochondrial cytochrome oxidase 1 (COI) to drive the selection of groundwater locations. This was not integrated with above-ground conservation. Closest to an integrated conservation plan that includes aquifers is the study by Li et al. (2017) , who integrated conservation plans within and between basins in northern China; however, these authors only included full aquifers as planning units and did not explicitly link them to the above-ground hydrology. All of the above conservation planning exercises are either spatially patchy or not linked to above-ground planning units.
The goal of this study was to develop a method to link rivers, wetlands and aquifers spatially in systematic conservation planning and to quantify tradeoffs and synergies between planning for these habitats and the biota and ecosystem types contained within them. In addition, the effect of including groundwater at different stages in the process was investigated.
This study developed a conservation network in the Hunter Valley, NSW, Australia, to protect three classes of fish habitatheadwater, mid-stream and lowland floodplainsas well as for river macroinvertebrates and river types (Turak & Koop, 2008) . Building on the principles established by Linke et al. (2012) , aquifers were then added as planning features. Establishing an integrated framework for groundwater protection in conservation planning, spatial changes in conservation priorities and changes in the overall area required were evaluated. 
| Conservation features
Three types of conservation features were used in the analysis: a multi-tiered stream classification, a wetland classification and a map of the aquifers in the region. For the purposes of this paper, river, wetland and aquifer ecosystems were broadly distinguished.
Unfortunately, the hyporheos, i.e. the groundwater-surface water ecotone, has been ignored because of the lack of data (Hancock, 2006 ) and a suitable classification system to delineate different ecosystem types, but these may be included in this approach later, if available.
River classifications were based on a typology of perennial lotic ecosystems developed by Turak and Koop (2008) . Classifications were derived separately for fish, macroinvertebrates and abiotic features using multivariate classification techniques (Turak & Koop, 2008) . In the study region, 10 abiotic, seven invertebrate-and three fish-based river types were found. Wetlands were defined as described by Turak, Melrose, Islam, Imgraben, and Blakey (2011) following Cowardin, Carter, Golet, and Laroe (2005) as 'permanently, periodically or intermittently inundated habitats with non-flowing water, that support plants and animals that are adapted to and dependent on living in wet conditions for at least part of their life cycle, and have substrata consisting of predominantly undrained soils that are saturated, flooded or ponded long enough to develop anaerobic conditions in the upper layers'. Wetlands were classified by fuzzy clustering of a suite of environmental variables into five wetland classes: upland swamps, floodplain wetlands, forested wetlands, coastal swamps and riverine wetlands. Estuarine and marine wetlands were not considered. In total, 780 wetlands were more than 1 ha in size. The detailed strategy for the wetland classification can be found in Turak et al. (2011) .
The Hunter region is one of the few areas in Australia in which detailed studies of groundwater ecosystems have been undertaken (Hose, Janardhanan, Barron, & Pollino, 2015) . A list of known taxa was compiled from available data sources (Asmyhr, 2013; Asmyhr & Cooper, 2012; Hancock & Boulton, 2008 , 2009 Hose, Janardhanan, et al., 2015; Hose, Symington, Lott, & Lategan, 2016; Korbel, Chariton, Stephenson, Greenfield, & Hose, 2017; Lategan, Torpy, Newby, Stephenson, & Hose, 2012) . A basic typology of aquifers was established derived from the existing aquifer mapping and classification (DECCW, 2010) . This classification included 20 groundwater management areas and includes fractured rock and alluvial and coastal sand aquifers (but no karst). Only shallow unconfined aquifers, i.e. those that are most likely to be linked to surface waters and that are also most likely to support stygofauna (Hose, Janardhanan, et al., 2015) were used. As a general approach, aquifers of similar geology were considered to have a structurally similar fauna, and connected aquifers were considered to have a similar fauna unless sampling had provided evidence otherwise. Accordingly, three geologically similar aquifer types were identified: main channel alluvium, coastal sand beds and fractured rock systems. These aquifer types were considered to have a structurally similar fauna, although probably genetically different taxa given the high likelihood of short-range endemism that is common in groundwater systems (Asmyhr et al., 2014) .
Sub-divisions of these three aquifer types were added where unique taxa had been specifically identified, producing six aquifer types used in the final analyses. For example, the identification of a dytiscid beetle (Watts, Hancock, & Leys, 2007) justified the inclusion of the Pages River and Dart Brook alluviums as a separate part of the main channel alluvium. Similarly, stygofauna sampling of the alluvium in the Bylong and Wollombi Brook tributaries (Asmyhr, 2013; also provided a basis for classifying these areas as separate units. Samples of stygofauna collected from each aquifer type were used as a surrogate for all aquifers of that type.
A simple presence/absence matrix of stygofauna at the Subclass/Order level was prepared for each aquifer type from the compiled taxon list. The Jaccard index was used to calculate a matrix of similarity between all aquifer types.
| Conservation planning software and spatial framework
The conservation planning software package Marxan ) was used to derive the planning scenarios. Marxan uses a simulated annealing algorithm to minimize costs (1) where SPF is 'species penalty factor'a weight given to each species, and CSM is the 'connectivity strength modifier'a weight given to the connectivity term in Marxan.
When designing the connectivity framework, the planner needs to specify the connection (and its strength) from each planning unit to each other planning unit. In a river setting, this has been mainly restricted so far to upstream connections Linke et al., 2012; Moilanen et al., 2008) . A downstream planning unit will have a very strong connection to the next upstream planning unit.
As described by Hermoso et al. (2011) an average connectivity penalty of 1 is assigned to the first linksi.e. the sub-catchment just above a selected planning unit. These penalties then decline exponentially with increasing distance (see surface water component in Figure 1 ). To find the optimal tradeoff between upstream connectivity and area size, the analysis was run with rivers and wetlands only with CSM values between 0 and 1 at increments of 0.1.
To deal with integrated planning for wetlands and aquifers the following additional rules were set:
1. To integrate lateral connectivity of wetlands, they are linked to the sub-catchment planning unit framework ( Figure 1 )wetlands are clipped to the sub-catchment in which they are positioned, and connectivity rules apply that are similar to those for the subcatchments.
2. To integrate groundwater in the sub-catchment framework, groundwater planning units are directly linked to the corresponding surface water planning unit (Figure 1 ). If a groundwater planning unit is chosen, then the corresponding surface water planning unit will be forced into the solution as well. This is achieved by selecting an extremely high connectivity penalty (CP=20, i.e. 20 times higher than first-order sub-catchment connections) if a groundwater unit is selected, but the corresponding surface water unit is not. To facilitate selection of groundwater units that are situated below surface water units already chosen, a 'normal'" (CP=1) penalty was also specified in the opposite direction ( Figure 1) 3. To facilitate connections within aquifers, connected aquifers are treated like terrestrial planning unitsany adjacent planning units that were identified as being connected were assigned a uniform connectivity penalty (CP=1).
| Analysis
First, a conservation plan only containing rivers and wetlands was devised (scenario 1, Figure 2 ). For rivers and wetlands, a fixed number of stream kilometres and wetland hectares was set as targetsthis was because there was a huge size imbalance in common and rare river and wetland classes. The most common river class was 2000 times more common than the rarest, while the difference among wetland classes was 100-fold, which can completely skew representation.
After preliminary calibrations of feature representation, 200 river km and 500 wetland ha were chosen for the anaysis. At these target levels very rare features are fully represented, whereas common features are only represented at around 5%. Full representation of rare targets and percentage representation of common targets are standard practice in systematic conservation planning. Conservation plans were then evaluated for rivers alone, as well as rivers and wetlands ( Figure 2 ). In the second analysis, groundwater planning units (scenario 2) were included in the plans above. For the groundwater units percentage targets (0-100%) were selected, as the main interest of the study was the effect of the percentage protection on the overall area needed. These targets were set for all of the classes, i.e. the 50% target scenario meant that all six aquifer types must be represented at 50%.
Representation and spatial arrangement of the two plans were then evaluated by calculating target completeness and upstream connectivityi.e. the degree of open connections to upstream subcatchments. In addition, the area cost of each conservation plan was used as a performance measure. Finally, a third set of plans was constructed in which groundwater features were added to an existing conservation network. In this case the planning units selected in scenario 1 were locked into the plans, and groundwater conservation features were added later, producing scenario 3. To calibrate connectivity penalties, a tradeoff curve between upstream protection and the area needed was drawn. Based on the tradeoff analysis, four connectivity settings were further investigated. In addition to no connectivity and full connectivity, scenarios with medium and close to full connectivity were also run.
| RESULTS
The tradeoff curve that calibrated connectivity (Figure 3) showed that the inflection pointwhich denotes the optimal tradeoff between cost and upstream protection is between CSM 0.2 and 0.3. Therefore connectivity strength modifiers (CSMs) of 0.2 (medium) and 0.3 (optimal) were selected for further (Figure 3 ). Using no connectivity penalty, the river targets would require a total of 2200 km 2just below 10% of the total area. Adding wetlands (scenario 1) would raise this to 2490 km 2 , just above 10%. At a CSM of 0.2, the river targets by themselves would require a total of 3400 km 2 (14%, Figures 4, 5a) ; if wetlands are included this would increase to 3900 km 2 (17%, Figure 5b ).
Under these plans, protection of aquifers is minimal -2 and 4%
respectively. With an increase to 25% aquifer protection (scenario 2), 16.8% of the total area (3860 km 2 ) is needed when not considering wetlands and 18% (4140 km 2 ) when considering wetlands (Figure 4) .
Hence, adding groundwater protection to the solution equates to only a 1% increase in cost.
Figures are similar at higher groundwater protection levels: to protect 50% of the groundwater planning units, 20% of the overall area is selected (4590 km 2 )an increase of 6% on the baseline plan without groundwater. When including wetlands, this increases to 21.5%
(4940 km 2 ), only a 4.5% increase over the baseline scenario. The inflection point comes at about 75% of groundwater targets. Above 75% (at which protection levels of 26.7% and 28.3% are needed), adequate protection of the aquifers becomes very expensive. Between 75% and 100% protection, the cost almost doubles, both with and without wetlands. Similar figures were observed in the optimal protection scenario (CSM 0.3, Supplementary Material S1).
If groundwater protection is not considered at the same time that a surface-water conservation plan is designed, the cost to retrofit Figure 6a ). However, if a groundwater plan was retrofitted (scenario 3) to the baseline plan, a total of 5650 km 2 would be needed, almost doubling the effort required (Figure 6b) . Similarly, at CSM 0.3, the baseline river plan (4100 km 2 ) increases to 5150 km 2 when including groundwater. However, retrofitting the groundwater would increase the area to 6200 km 2 (Supplementary Material S1).
| DISCUSSION
This study is the first in Australia, and one of only a few globally, that have included aquifers in systematic conservation planning. Using a
FIGURE 4
The effect of including groundwater targets on conservation plans that include rivers and wetlands at CSM = 0.2 (solid lines) and CSM = 0.3 (dashed lines)
FIGURE 5
The effect of including wetlands and aquifers at different target levels on conservation plans with CSM = 0.2 basic knowledge of groundwater biota across the region, we demonstrated that integrated planning for aquifers does not necessarily have to be much more expensive (in terms of area required) than planning only for surface waters (Figure 4, 5c,d) . Especially when upstream protection is guaranteed, increases in cost to protect aquifers are marginal ( Figure 3 ) up until 50% protection is reached, then still small until about 75% of protection is reached. Given that all modern conservation planning algorithms are based on the principle of complementarity (Kirkpatrick, 1983; Pressey, 2002) , a 75% protection of the aquifer will, in most cases, be sufficient to conserve biodiversity.
When 100% of the aquifer is required, this pre-determines a large amount of the selected planning units. As the river and wetland targets need to be fitted around these, optimal areas cannot be selected efficiently, hence cost increases steeply (Figure 4) .
Synergies between river, wetland and groundwater planning can only work, however, if aquifer information is incorporated at the initial planning stage. As demonstrated in Figure 6 , the cost of conservation increases dramatically when aquifer protection is added at a later stage to already designated freshwater protected areas. This is a similar result to Hermoso, Kennard, and Linke (2012) ,who included lateral, between-catchment connectivity in their conservation plan and found that integrated conservation plans can be 33% cheaper than single, staggered planning exercises. A lack of proactive planning can either lead to an increase in cost or a failure to achieve conservation targets (Bush et al., 2014) .
A key priority for future research is to estimate conservation cost properly, or at least include the condition of sub-catchments. , condition was not included in this study because the primary aim was to quantify the effect of adding aquifers to the prioritization. In a real-world planning scenario, however, condition needs to be includedeither at the species modelling stage (Wilson, Westphal, Possingham, & Elith, 2005) or at the prioritization stage . Alternatively, different actions could also be directly included by using a restoration planning framework, but the more complex restoration planning approaches often need customized optimization algorithms (Cattarino et al., 2018; Cattarino, Hermoso, Carwardine, Kennard, & Linke, 2015) and
are therefore not readily useable by managers and the public (but see for an overview).
Although this is the first time that three key habitatsrivers, wetlands and aquifershave been included within an integrated, spatially connected conservation plan, future workespecially in wetlands and aquifersis needed to quantify and map biodiversity features in these realms. In their taxonomy of surrogates, Linke, Turak, and Nel (2011) classed approaches such as the data-driven river classification by Turak and Koop (2008) (2011), who found that coarse classifications perform no better than random at representing fish taxa in a conservation plan. The only study that has used more detailed data so far has been the European conservation plan ) drawn on the continental PASCALIS data . However, as with all continental assessments, sampling heterogeneity is an issue identified by the authors themselves ): some areas have been heavily sampled and therefore almost automatically emerge as hotspots, whereas other areas have only been sampled sporadically.
Indeed, this is likely to be the case for the study region which, in terms of stygofauna, is among the most studied catchments in eastern Australia (Hose, Asmyhr, et al., 2015; Hose, Janardhanan, et al., 2015) .
Identification of these issues in a database as comprehensive and well maintained as PASCALIS demonstrates the need for alternative approaches to eliminate spatial and taxonomic bias while still including direct biological signals in conservation surrogatesespecially in areas where there is less knowledge of groundwater ecosystems.
Unlike the river and wetland data, which are based on comprehensive ecological and spatial studies, the data used to determine aquifer types were based on a collection of studies, from which limited data were extrapolated to represent large regions using a high taxonomic FIGURE 6 Retrofitting a plan (b) increases cost compared with integrated planning (a). Grey-circled areas are aquifers that need to be protected; silver-circled areas can be covered in other regions in an integrated plan level. The reality is that this has greatly under-represented the true groundwater biodiversity of the region, particularly given the likelihood of short-range endemism among the groundwater biota (Harvey, 2002; Trontelj et al., 2009) , meaning that each taxon within an aquifer type probably reflects several spatially limited taxa. The consequence of this simplified taxonomy is that conservation planning outcomes may be oversimplified for aquifers. Furthermore, many areas of the study region remain unsampled. The presence of localized taxa in the Pages River area (Watts et al., 2007) , and the possibilities of finding new taxa, even at high taxonomic levels in other unsampled areas, emphasize the importance of recognizing that biodiversity of unexplored or incompletely explored and mapped environments cannot be conserved (Ficetola, Canedoli, & Stoch, 2019) . We thus recommend extensive sampling of all habitats in the proposed planning region, and that taxonomy and conservation priorities for spatially limited groundwater biota be considered before defining groundwater planning units.
An alternative approach is the inclusion of genetic diversity as a surrogate for groundwater biodiversity. A lack of taxonomic expertise for many groups of groundwater biota, combined with extreme levels of endemism and cryptic species, has resulted in a time lag between the collection of fauna and when formal species descriptions take place. For example, Guzik et al. (2010) estimated that, for the western half of the Australian continent, about half the 'known' species from collections and molecular studies remain undescribed. DNA-based identification systems for species is useful in situations where species descriptions are missing (Bradford, Adams, Humphreys, Austin, & Cooper, 2010) . Depending on the taxa and the molecular marker in question, various threshold levels of genetic divergence between sequences can be used to differentiate between taxa (Hebert, Cywinska, Ball, & deWaard, 2003) . Molecular tools can thus be used as a screening tool for groundwater systems (Korbel et al., 2017) , and levels of genetic diversity used as an indicator of species diversity (Asmyhr & Cooper, 2012) .
In this study, a spatial framework for integrated conservation planning that considers connections between rivers, wetlands and groundwater ecosystems was developed, and showed that including aquifers in freshwater conservation planning does not necessarily compromise efficiency if it is done in the planning phase. However, a posteriori inclusion of additional realms or features in a terrestrial or riverine plan will always lead to a loss of efficiency ( Figure 6 )sometimes close to doubling the conservation costdemonstrating that as much information as possible needs to be included from the start of the planning process.
Future application of these spatial frameworks by environmental managers will strongly depend on available data. Although these conservation plans are currently feasible in Europe, thanks to the PASCALIS efforts ) that mapped both aquifers and groundwater biota, the availability of data is a key issue for the rest of the world. We call for renewed efforts in taxonomic description as well as in mapping aquifers and the distribution of biota within these.
Another key aspect of conservation is maintaining connectivity among landscape elements (Brooks, 2013; Lindenmayer et al., 2008; Sophocleous, 2002) . This study has assumed that connectivity is maintained through the co-occurrence of habitats. This assumption is likely to be reliable for surface waters based on flow and proximity, but the connection between different aquifers, and between aquifers and adjoining surface waters, is spatially and temporally variable and complex, requiring detailed hydrological understanding (Sophocleous, 2002) .
